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'In  August  1985  v»e  installed  a  Stanford  University  ELF/VLF  radiometer  at  Thule,  Greenland  t.« 
nace  measurements  of  tne  nacural  ELF/VLF  (frequencies  in  the  range  10  Hs-32kila)  radio  noise 
background.  Thule  is  very  nearly  unique  in  chac  it  Lies  not  only  ac  a  relatively  high  jeo- 
graphic  latitude  f 75 . 55**N)  but  it  is  also  very  close  to  the  north  geomagnetic  pole,  with  t:ie 
result  chac  its  radio  noise  background  not  only  contains  the  normal  lightning-geiier  afr  ’ 
noise  typical  of  the  lower  latitudes  (sferlcs,  eweeks)  but  in  addition  it  contains  in 
unusual  selection  of  aagnecospherically-generafced  components  (primarily  ELf/VLF  chorua  and 
Mis)  that  cannot  be  observed  on  the  ground,  or  arc  only  rarely  observed  on  the  iround,  it 
low  and  middle  Latitudes.  The  only  other  comparable  locaclon  for  such  noise  measurements 
is  the  Soviet  station  '/ostok  in  the  Antarctic.  In  this  report  we  summarize  many  of  rhe  FLF 
and  "LF  radio  noise  measurements  made  ac  Thule  in  the  three  years  since  the  radiometer  was 
started  in  operation,  and  we  compare  the  noise  statistics  with  chose  from  Sondrcscromfjoru, 
which  is  also  located  In  Greenland,  but  ac  a  lower  lacicude  (So.99fN).  (see  reverse) 
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Slock  19.  (continued) 

The  hoUh  statistics  covered  by  the  Rwasuceneius  Include  tae  uaplU'idc  •  wd 

thus  both  the  power  and  the  'external  nolee  factor1  or  Fa,  statistic,  although  the*, 
latter  quantities  are  not  proeented  explicitly),  the  cm*,  minimum  and  maximum  ampli¬ 
tudes.  In  addition,  many  Measurement*  are  given  of  the  'voltage  deviation'  statist  it 
Vj,  which  provides  a  useful  Indication  of  the  Impulsiveness  of  the  noise,  tn  general, 
the  noise  quantities  vary  with  frequency  In  much  the  same  way  as  they  do  at  lower 
latitudes,  except  for  the  influence  of  a  magnetospherle  noise  component  ('polar 
chorus')  in  the  approximate  frequency  range  500-1300  Hz.  Theru  is  also  an  exceptional 
level  of  noise  at  the  lowest  frequencies  covered  by  the  radiometer  measurements 
(10-50K:),  which  is  unexpected  and  which  may  be  instrumental,  although  we  hav>*  found 
no  indication  in  any  of  the  measurements  that  the  high  noise  level  involves  anything 
other  than  natural  noise.  Finally,  some  additional  measurements  made  ,t  -l  ilia,  in 
the  LF  range,  give  noise  amplitudes  consistent  with  chose  at  Id  kilt. 
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1.  Introduction 


l 


1.1.  Bnckground  Information 

Rome  Air  Development  Center  contract  no.  Fl9G*JS-St-K-QQI3,  for  which  this  is  the  final 
report,  wm  first  issued  to  the  Space,  Telecommunications  and  Radioseienee  Laboratory,  or 
the  STAR  Laboratory,  at  Stanford  University  on  1  August  IDS4,  and  the  contract  expired  on 
31  July  19SS.  The  contract  covered  two  major  tasks:  First,  measurement  of  the  ELF/VLF 
radio  noise  at  Thule,  Greenland  (70.53°  N,  GS.Sl°  W;  geomagnetic  coordinates  $7.5°  N.  1 1.3° 
E),  using  the  Stanford  University  radiometer  specifically  constructed  for  noise  measurements 
at  that  location.  Because  of  the  addition  of  a  specially  designed  and  constructed  LF  filter  to 
the  Thule  radiometer,  these  measurements  could  be  extended  up  to  frequencies  in  the  lower 
part  of  the  LF  range,  t.e.,  to  frequencies  in  the  range  30-60  kHz.  The  second  task  covered 
by  the  RADC  contract  was  to  design  and  construct  a  compact  and  highly-sensitive  VLF/LF 
receiver  for  balloon  use,  and,  as  it  turned  out,  to  participate  in  the  experiments  involving 
the  receiver.  This  latter  receiver  was  completed  on  schedule  and  used  successfully  in  two 
major  balloon  experiments  to  measure  and  compare  the  TE  and  TM  radio  noise  levels  at 
aircraft  altitudes.  Since  we  have  reported  many  of  the  results  of  the  latter  experiments  at 
t'RSI  meetings  [Fmscr-Smith  cl  «/.,  10-S7a.  19$$)  and  a  paper  detailing  the  results  of  the 
experiments  has  been  submitted  for  publication  [Turtle  rl  n/..  JOs.n],  we  will  concentrate  iu 
this  report  on  the  radio  noise  measurements  made  at  Thule. 


1.2.  The  Stanford  University  Survey  of  ELF/VLF  Radio  Noise 

In  addition  to  the  ELF/VLF  radiometer  installed  at  Thule,  the  STAR  Laboratory  is  oper¬ 
ating  seven  other  radiometers  at  various  locations  around  the  world,  including,  in  particular, 
one  located  at  Sondrestromfjord,  Greenland  (Gf>.90°  N,  50.95°  W:  geomagnetic  coordinates 
76.$°  N\  37.S°  E).  Figure  1  shows  the  relative  positions  of  the  two  Greenland  radiometers. 
Although  they  are  relatively  dose  geographically,  they  differ  significantly  in  geomagnetic 
latitude.  Thule  is  purely  a  polar  cap  location,  always  well  to  the  north  of  the  northern  au¬ 
roral  zone,  whereas  Sondrestromfjord  is  located  at  the  transition  between  the  polar  cap  anti 
the  northern  auroral  zone.  The  distinction  may  sound  academic,  but  it  leads  to  substantial 
differences  in  the  properties  of  the  mngnciosphcric  noise  observed  at  the  two  sites. 
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Figure  1.  Map  of  Greenland,  showing  the  two  ELF/VLF  radiometer  sites  at 
Thule  (76.52°  N,  C$.$i°  W)  and  Sondrcstromfjord  (00.09°  N,  00.05“  W). 


Since  full  details  of  the  global  survey  of  radio  noise  are  given  elsewhere  [Fnttci-Smilli  and 
llclliwcll,  19S5;  Fmssr-Simth  ct  tit.,  1987),  we  will  only  refer  to  a  few  essential  details  here.  As 
described  in  the  second  reference  just  cited,  each  radiometer  consists  of  two  dual-channel  re* 
ceivcrs,  each  with  two  crossed  loop  antennas  (East* West,  North-South).  One  of  the  receivers 
has  a  response  (i.e.,  a  3dB  bandwidth)  covering  the  frequency  range  1  Hx-d.7  kite  and  t' 
other  covering  the  range  100  Hz-140  kHz.  A  bank  of  narrow-band  fdters  (5%  bandwidth) 
is  used  to  monitor  the  noise  present  at  16  selected  frequencies  distributed  approximately 
uniformly  in  a  logarithmic  sense  through  the  overall  frequency  range  of  operation  (Tatde  P. 
These  frequencies  weie  carefully  chosen  to  avoid  harmonies  of  the  60  Hz  and  At)  Hz  p«»w«*r 
line  frequencies.  The  output  of  the  fillers  is  continuously  sampled  and  a  variety  uf  statistical 
quantities  calculated  and  recorded  digitally  on  magnetic  tape,  along  with  samples  of  the  raw 
dat'  from  the  fillers  (typically  one  sample  per  second  for  all  16  filters).  Operation  of  each 
radiometer  is  under  the  control  of  a  mini-computer,  which  not  only  computes  the  statistical 
data,  but  also  monitors  all  essential  functions  of  the  radiometer  and  automatically  calibrates 
the  response  of  the  receivers  at  regular  intervals. 

The  statistical  quantities  computed  continuously  during  the  radiometer  operation  consist 
of  the  average,  root-mean-square  (rms),  maximum,  and  minimum  amplitudes  for  each  <>f  the 
16  selected  frequencies.  They  arc  computed  at  the  end  of  every  minute  from  6UU  amplitude 
measurements  made  at  a  rate  uf  10  per  second  on  the  envelope  of  the  noise  signal  emerging 
from  each  narrow-band  filter.  These  statistical  data  can  be  read  and  listed  directly  from  tin- 
digital  tape  with  no  further  processing  required.  Later  processing  of  the  data  can.  with  little 
additional  computation,  give  (l)  the  ‘external  noise  factor'  F.t  and  i2)  the  ‘voltage  deviation’ 
or  Vj  statistic,  which  is  the  ratio  in  dI3  of  rms  to  average  amplitude  and  is  a  measure  of 
the  impulsiveness  of  the  noise  data.  Similarly,  but  with  somewhat  more  computation,  the 
sampled  data  can  be  used  (3)  to  derive  amplitude  probability  distributions  tAPD's). 


Because  of  our  use  of  loop  antennas,  our  measurements  are  made  on  the  magnetic  field 
of  the  radio  noise,  and  not  on  the  electric  field  as  was  primarily  the  case  in  earlier  noise 
surveys.  Our  unit  of  measurement  is  therefore  the  tesla  (T).  or.  since  the  amplitudes  are 
very  small,  either  the  picotcsla  (pT;  1  pT  =  10“ 12  T)  or  the  fcmtotesla  ( IT;  1  tT  =  10“ 15 
T).  For  comparison  with  two  other  commonly  used  magnetic  field  units,  we  also  note  that 


Table  1.  Center  frequencies  and  bandwidth*  for  tiie  16  channel*  of  the 
EIF/VLF  radiometer. 


Channel 

Center  Frequency 

Bandwidth  (5%) 

ELF  system  1 

10  Hz 

0.5  Hz 

30 

1.5 

3 

$0 

*1.0 

•1 

130 

6.75 

5 

275 

13.75 

6 

3$0 

19 

VLF  system  l 

500 

25 

0 

m 

750  Hz 

37.5 

3 

1  kiiz 

50 

•1 

1.5 

«•«* 

it) 

m 

0 

0 

100 

6 

3 

150 

7 

•1 

200 

s 

100 

0 

10.2 

510 

10 

32  kHz 

1600  Hz 

I  gauss  (G)  =  IQ"4  T  and  1  gamma  (7)  =  10-J  T.  It  is  certainly  not  generally  true  that 
the  noise  fields  measured  at  our  antennas  arc  those  associated  with  plane  electromagnetic 
waves.  However,  the  plane  wave  assumption  is  likely  to  be  a  reasonable  one  for  frequencies 
in  the  middle  and  upper  part  of  VLF  range,  in  which  case  our  magnetic  held  measurements 
can  be  used  to  obtain  the  associated  electric  field  by  use  of  the  conversion  factor  3.33  IT  = 
l  /iV/m. 


* 

In  addition  to  the  data  from  tiic  narrow  band  filters,  broad-band  ELF  data,  sampled  at  a 
rate  of  1000  samples  per  second  during  scheduled  synoptic  recording  intervals  (currently  one 
minute  each  hour),  are  also  recorded  on  the  digital  tape.  These  data  can  be  converted  to 
spectrograms  and  they  provide  an  essential  check  on  the  operation  of  the  narrow-band  filters 
and  their  associated  measurements.  A  similar  synoptie  picture  of  activity  in  the  VLF  range 
is  provided  by  analog  recordings  of  the  approximate  range  200-25,000  II?..  To  illustrate  the 
form  of  these  synoptic  data,  and  to  provide  an  introduction  to  typical  lower-ELF  noise  at 
Thule,  in  Figure  2  we  show  a  digital  spectrogram  of  the  lower-ELF  noise  recorded  in  the 
frequency  range  0-100  Ik  at  Thule  during  the  one  minute  interval  starting  1*1.10:50  I'T  on 
4  September  19S7.  The  spectrogram  is  derived  by  processing  the  digit.nl  data  from  one  ELF 
synoptic  interval;  the  data  are  fully  calibrated  and  measurements  of  amplitude,  frequency, 
and  time  can  be  made  directly  on  any  spectral  feature.  Noticeable  are  the  two  strong  power 
line  harmonic  lines  at  GO  Hz  and  ISO  Hz  (the  two  horizontal  lines)  and  typical  ELF  sferic 
activity  (the  many  vertical  lines).  Although  they  arc  not  clear  in  this  particular  example, 
measurements  can  also  be  made  on  the  Schumann  resonance  lines  at  approximately  S.  1 1. 
20.  26.  and  33  Ik  [Polk\  10S2). 

1.3.  Low-Frequency  Noise  Filter 


Because  of  the  interest  in  the  Air  Force  in  communication  at  frequencies  just  above  * li»* 
VLF  range,  be.,  in  the  lower  part  of  the  LF  range  (30  -3U0  kllzl.  in  10x3  wecoiuliicied  a  -s' inly 
to  see  if  it  would  be  possible  to  modify  the  standard  ELF/VLF  radiometer  that  was  in  be 
built  and  installed  at  Thule  to  provide  radio  noise  statistics  at  frequencies  above  the  standard 
maximum  frequency  of  32  kHz.  We  were  reluctant  to  modify  the  basic  radiometer  design  to 
include  the  higher  frequency  measurements,  because  there  is  an  advantage  to  having  identical 
instrumentation  when  measurements  arc  being  made  at  a  number  of  different  locations,  some 
of  which  are  particularly  remote.  However,  we  found  that  the  extra  LF  measurements  tumid 
be  included  without  any  hardware  modifications  to  the  basic  radiometer  unit  by  building  an 
add-on  LF  filter  unit  that  would  take  advantage  of  some  uncommitted  additional  channels 
for  digital  recording  that  had  been  included  in  the  original  radiometer  design. 


The  LF  noise  filter  unit  Is  a  special,  one-of-a-kind  instrument  designed  and  built  at  Stan¬ 
ford  University  and  intended  to  be  used  in  conjunction  with  a  standard  ELF/VLF  radiometer 
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Time  (sec) 


Figure  2.  Digital  spectrogram  of  a  one-minute  synoptic  interval  of  lower- ELF 
noise  (0-400  IIz)  recorded  at  Thule  on  4  September  19S7.  The  spectrogram 
is  derived  from  one  of  the  ELF  synoptic  intervals  routinely  recorded  at  each, 
radiometer  site.  The  Madder*  of  horizontal  lines  on  the  left  of  the  spectrogram  is 
a  calibration  signal;  the  spacing  between  the  horizontal  lines  is  10  Hz.  The  two 
strong  horizontal  lines  are  interference  from  the  local  power  line  system  and  a 
strong  sferic  can  be  seen  occurring  at  about  lo  s  from  the  start  of  the  record. 
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to  make  noise  measurements  on  VLF  and  LF  signals  up  to  a  maximum  frequency  of  60  kHz. 
The  filter  unit  processes  broadband  VLF/LF  signals  from  the  VLF  line  receiver  in  the  ra* 
diomctcr,  which  in  its  original  unmodified  form  has  a  fiat  frequency  response  extending  well 
above  60  kHz.  The  filter  unit  has  a  broadband  translator  that  can  move  a  20  kltz  (or  greater) 
segment  of  the  VLF  spectrum  lying  anywhere  in  the  range  0-60  kHz  down  to  the  range  0-20 
kHz  (or  greater)  for  recording  on  the  analog  tape  recorder.  It  also  has  narrowband  filters, 
with  bandwidths  of  1500  Hz  and  300  Hz,  which  can  be  centered  on  any  frequency  in  the 
range  0-60  kHz  to  measure  the  amplitudes  of  natural  and  manmade  noise.  The  narrowband 
filters  in  the  LF  noise  filter  contain  two  identical  circuits,  one  for  North-South  and  the  other 
for  East-West,  thus  giving  the  operator  access  to  both  the  North-South  and  East- West  com¬ 
ponents  of  the  signals  and  providing  a  capability  for  estimating  the  direction  of  arrival  of 
the  signals, 

1.4.  Previous  ELF/ VLF  Noise  Measurements 

As  we  have  pointed  out  elsewhere  [FmAtr-Sinilli  ct  «/..  1087b],  there  is  an  extensive 
literature  on  radio  noise  measurements.  Spnultling  (1082),  in  a  particularly  wide-ranging 
review  of  the  noise  and  its  implications  for  telecommunication  systems,  suggests  a  starting 
date  of  1806  for  this  literature.  However,  it  was  many  years  l>efore  global  measurements 
could  be  made.  and.  even  then,  the  frequency  ranges  covered  by  the  studies  typically  di<l  nor 
extend  far  down  into  the  V'LF  range.  Our  present  knowledge  of  the  worldwide  distribution 
of  radio  noise  is  largely  based  on  the  results  of  the  National  Bureau  of  Siam  lards  study  that 
was  started  in  1957  [Crichlow,  1957].  The  results  of  this  study,  which  include  measurements 
of  (l)  the  global  distribution  of  average  noise  power  levels,  usually  as  characterized  by  the 
external  noise  factor  (2)  the  statistical  quantity  (3)  APD’s,  and  (  l)  the  seasonal 
variation  of  some  of  the  noise  characteristics,  form  much  of  the  basis  for  Report  322,  published 
by  the  International  Radio  Consultative  Committee  (Comite  Consultatif  International  dos 
Radiocommunications,  or  COIR)  of  the  lute ‘national  Telecommunications  Onion  [CCIR, 
1064].  This  report,  together  with  certain  updates  [CCIR,  1982m. b,  1988],  provides  what 
might  l>e  termed  the  'official’  view  of  radio  noise. 

Unfortunately,  insofar  as  the  ELF/VLF  hand  is  concerned,  the  available  CCIR  radio  noise 
information  has  three  major  weaknesses;  First,  it  incorporates  few  measurements  below 
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10  kHz.  Second,  although  l we  high  latitude  stations  were  included  in  the  original  noise 
surveys,  it  is  not  clear  that  the  contribution  of  magnetoepheric  noise  to  the  high  latitude 
measurements  is  adequately  represented  in  the  summary  data.  Finally,  the  timing  of  the 
noise  data  is  quite  coarse,  since  the  intervals  for  which  the  data  are  presented  are  four  hours 
long  and  the  summary  plots  are  organized  according  to  the  season. 

More  recent  work  has  helped  strengthen  our  knowledge  of  radio  noise  in  the  ELF/VLF 
band  by  partially  filling  some  of  the  gaps  in  the  CCIR  data.  For  example,  Maxwell  and 
Stone  [1963]  and  Maxwell  [1966]  provide  important  information  concerning  the  electric  field 
amplitudes  of  the  noise  below  10  kHz.  as  well  as  some  indication  of  the  variability  of  the  fields. 
Watt  [1967]  discusses  the  CCIR  [196*1]  data,  but  also  presents  additional  results  for  some  of 
the  noise  statistics  [Haft  and  Maxwell .  195T«.6»J.  An  independent  series  of  measurements  by 
Dinger  et  al.  [1982]  help  provide  a  calibration  of  the  VLF  noise  data  available  at  that  time 
as  well  as  providing  new  information  on  the  noise  in  the  frequency  range  1.0—4 .0  kHz.  APD's 
for  the  ELF/VLF  range  have  been  studied  quite  carefully  and  an  analytical  model  developed 
[Galejt.  1966.  1967;  Field  and  Levinstein,  1978].  Inclusion  of  Soviet  measurements  in  the 
CCIR  noise  models  has  ted  to  a  substantial  improvement  in  their  world*wide  coverage  [ CCIR . 
1988].  Perhaps  most  important  from  the  point  of  view  of  the  work  reported  here,  syntheses 
have  been  made  of  all  the  available  information  on  radio  noise  as  it  is  observed  throughout 
the  entire  radio  frequency  range,  including  the  ELF/VLF  range  as  a  small  subsection,  which 
help  to  place  the  low  frequency  noise  into  a  broader  perspective  and  which  provide  new 
information  about  its  properties,  including  its  overall  decline  with  increasing  frequency  in 
particular  [e.g.,  Spaulding  and  Hagn ,  1978;  Smith,  1982;  Spaulding.  1982;  Flock  and  Smith . 
1984;  Fraser-Smith  and  Helliwell.  1933]. 

Although  this  later  work  has  contributed  substantially  to  our  knowledge -of  ELF/VLF 
noise,  it  nevertheless  remains  true  that  few  measurements  have  been  made  of  the  APD's.  Fa. 

or  the  other  ELF/VLF  noise  statistics.  Similarly,  the  contribution  of  magnetospheric 
and  possibly  even  interplanetary  ELF/VLF  noise  at  high  latitudes  remains  to  be  determined. 
Finally,  with  the  advent  of  modern  high-speed  computers,  the  timing,  statistical  significance, 
and  other  computational  features  of  the  noise  data  can  be  greatly  improved.  The  study 
discussed  here  was  undertaken  with  the  view  of  filling  these  gaps. 


2.  Thule  Noise  Statistics 


0 


2.1.  Data  Analyst* 

In  order  to  provide  representative  ELF/YLF  noise  statistics  for  Thule,  we  examined  our 
data  records  for  the  availability  of  simultaneous  data  from  both  Thule  and  Sondrestromljord 
and,  as  a  result  of  this  examination,  we  chose  the  two  months  June  and  December  1986  for 
detailed  analysis.  The  June  data  should  be  reasonably  typical  for  the  northern  hemisphere 
summer  and  the  December  data  similarly  reasonably  typical  for  the  winter.  Insofar  as  the 
local  ionospheric  conditions  are  concerned,  it  should  be  noted  that  Thule,  because  of  its  high 
latitude,  is  in  continual  daylight  during  June  and  in  continual  darkness  during  December. 

A  first  check  on  the  quantity  and  quality  of  the  recorded  narrow  band  statistical  data  for 
the  two  months  was  made  by  running  off  plots  of  the  daily  variations  of  the  one-minute  rms 
amplitudes  for  all  16  frequency  channels.  Over  200  data  plots  were  produced  and  examined. 
Although  some  problems  were  identified,  including,  in  the  December  data,  (1)  interference 
from  a  VLF  ionosonde  and  (2)  an  interval  of  ELF  interference  from  an  unidentified  source, 
it  was  evident  that  there  would  be  adequate  data  to  provide  good  noise  statistics  for  the  two 
months.  The  specific  data  intervals  finally  included  in  the  study  were  0110  UT  on  01  June 
through  0504  UT  on  27  June.  1986,  and  000b  UT  on  2  December  through  2101  l’T  on  30 
December.  1986. 

To  illustrate  the  form  of  these  daily  data,  and  to  provide  an  example  of  the  effect  of 
magnetos phcric  ELF  noise  on  the  noise  statistics,  in  Figures  3-6  we  show  the  daily  variat  ions 
during  14  June  1986  of  the  one-minute  rms  noise  amplitudes  at  Thule  for  all  16  frequency 
channels.  It  can  be  seen  that  the  daily  variations  in  the  lowest  frequency  channels  are  quite 
small,  which  is  typical  for  the  data  we  have  analyzed.  In  the  500  Hz  channel  (Figure  I)  there 
is  an  occurrence  of  polar  chorus  (as  verified  using  the  synoptic  data)  during  the  interval  1000- 
1900  UT,  which  converts  what  would  more  normally  be  a  period  of  low  lightning-related, 
or  sferic,  noise  to  a  period  of  substantially  increased  polar  chorus,  or  magnctosphcric.  noise. 
Before  and  after  the  interval  of  chorus  the  noise  is  typical  of  sferic  activity  and  is  quite 
impulsive.  The  polar  chorus  is  not  confined  to  500  IIz:  it  can  also  be  detected  in  the  750 
Hz  channel  and  it  may  also  contribute  to  the  increase  observed  in  the  1.5  kHz  channel  from 
1300-1700  UT  [Ungstrup  and  Jacktroll ,  1963).  We  can  now  identify  the  intervals  of  polar 
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Figure  4.  Variation  of  the  one  minute  rms  noise  amplitudes  at  Thule  during  14 
June  19S6.  The  data  shown  are  for  the  second  set  of  4  narrow  hand  channels 
(»•«••  for  frequencies  in  the  range  275-750  IIx:  the  frequencies  are  shown  under 
each  panel). 
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Figure  S.  Variation  of  the  one  minute  rms  noise  amplitudes  at  Thule  during  U 
June  1986.  The  data  shown  are  for  the  third  set  of  4  narrow  hand  channels  (i.e.. 
for  frequencies  in  the  range  1. 0-3.0  kHz:  the  frequencies  arc  shown  under  each 
panel). 


Thule,  Greenland 
M-JUN-86 


i 

i  lean 

4 


i  n 


coo  : 

SCO 

1100 

,m  iUTl  for 

i*  13 

*  1.0  *H* 

1  too  n 


can 

5  *T 


!  ;co  n 

4 

i 

_  ,#  #* 

j  •<<  • « 


2 

l  izo  n 


£  :c  f7 


M  iuTJ  for  s*  11  1.3  >•*« 


i  :J.C  *<*# 


‘s  * 


Figure  6.  Variation  of  the  one  minute  rms  noise  amplitudes  at  Thule  during 
14  June  1086.  The  data  shown  are  for  the  fourth  s*t  of  4  narrow  band  channels 
(i.e..  for  frequencies  in  the  range  4.0-32.0  kHz;  the  frequencies  are  shown  under 
each  panel). 
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chorus  by  their  effect*  on  the  impulsiveness  of  the  noise:  apart  from  the  obvious  change  in 
the  average*,  a*  illustrated  in  Figure  4,  \j  is  dramatically  affected,  dropping  to  very  low 
values  when  magnetospheric  noise  is  present. 

Following  the  analysis  of  the  daily  data,  average  values  of  all  the  basic  one-minute  statis¬ 
tical  measurements  were  computed  for  each  of  the  1440  one-minute  intervals  in  the  day.  for 
both  Thule  and  Sondreslromfjord  for  June  and  Dcccmlier  19$6.  The  average  data  were  then 
plotted  to  once  again  provide  an  overview  of  their  quality  and  as  a  guide  to  their  further  pro¬ 
cessing.  Some  of  these  data,  for  June  il)SG  at  Thule,  are  displayed  in  Appendix  A.  Finally, 
overall  monthly  averages  were  computed  for  the  various  quantities.  Special  pr«»c<*ssing  was 
required  for  the  December  lOSti  Thule  data,  which  are  contaminated  by  noise  from  a  Vl.F 
ionosonde-.  The  ionosonde  operates  on  a  schedule  of  two  hours  on  followed  by  two  hours  ulf. 
starting  at  0000  UT.  and  Figure  7  shows  the  effect  on  one  of  our  noise  statistics,  in  this  ca»e 
Yj.  The  ionosonde  normally  increases  the  noise  levels  in  the  frequency  hands  used  for  our 
measurements,  but  Vj,  on  the  contrary,  is  suppressed,  due  to  the  smaller  relative  difference 
in  amplitude  between  the  large  noise  ‘spikes.  *  which  are  largely  unaffected  by  the  ionosonde. 
and  the  average  background  noise  level,  which  is  increased  by  the  ionosonde.  In  our  final 
processing  of  these  December  Thule  data  wc  ignored  all  the  data  recorded  during  operation 
of  the  ionosonde,  thus  eliminating  half  of  the  recorded  noise  data  from  analysis. 

2.2.  Results 

Our  summary  noise  results  are  largely  presented  in  graphical  form.  We  begin  by  showing 
all  the  average  noise  amplitudes  measured  at  Thule  and  Send  res  tromfjord  for  June  and  De¬ 
cember  19S6  {Figures  S-U).  It  can  be  seen  that  there  is  an  overall  tendency  for  the  noise 
amplitudes  to  decrease  with  increasing  frequency,  in  agreement  with  previous  measurements 
in  the  ELF/VLF  frequency  range  [<.</.,  Maxwell  and  Slone,  1963;  Maxwell.  I !)(>(>].  Further, 
many  sections  of  the  curves  plotted  in  the  figures  are  approximately  linear,  suggesting  an 
underlying  power-law  variation  in  agreement  with  the  generalization  made  by  Fraser* Smith 
and  lltlliwtll  [19S5]  following  a  review  of  the  literature  on  low-frequcncy  radio  noise.  Specif¬ 
ically,  these  latter  authors  concluded  that  there  was  evidence  for  an  overall  underlying  /“' 
variation  of  low-frequency  noise  amplitudes.  By  fitting  a  power-law  variation  of  the  form 
A  *  .do/”"  to  the  curves  in  the  figures,  we  find  that  n  lies  iu  the  range  0.91-1.27  for  the 
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Figure  7,  Overall  average  variations  of  V4  in  the  four  frequency  ranges  1.0  kHz. 
8.0  kHz,  10.2  kHz,  and  32.0  kHz  during  the  month  of  December  l  !)$(»,  showing 
the  effects  of  the  Thule  VLF  ionosonde  on  the  data.  The  ionosonde  operates  on 
a  two  hours  on,  two  hours  off  schedule,  starting  at  0000  UT.  It  tends  to  suppress 
Vj  when  it  is  in  operation. 
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Thule  June  data  and  in  the  range  0.77-1.26  for  the  December  data,  with  the  smaller  value* 
of  n  being  associated  with  the  larger  amplitude  plots.  The  Soudreslromfjovd  u* values  do  not 
differ  markedly,  but  there  is  clearly  lesi  of  a  drop-off  of  the  amplitudes  with  frequency.  For 
June  n  lies  in  the  range  Q.UO-l.ll  and  for  December  the  range  is  fl.59-l.Qs. 

Many  of  the  amplitude  variations  plotted  in  Figures  S-ll,  and  in  later  figures,  show 
evidence  of  the  well-k.nown  ionospheric  waveguide  cutoff  that  limits  the  horizontal  sub- 
ionospheric  propagation  of  ELF/Vl.F  waves  with  frequencies  roughly  in  the  range  1-3  kHz 
[e.g..  Watt,  1967).  Decause  of  this  cutoff,  sferies  from  distant  lightning  are  eomparaiivt-ly 
more  highly  attenuated  at  frequencies  at  or  near  the  waveguide  cutoff  frequency  than  as 
other  frequencies,  with  the  result  that  there  is  a  quiet  band  in  the  noise  spectrum  centered 
on  1-3  kHz. 

Figures  S-ll  show  two  marked  differences  between  the  Thule  and  Sondresiromfjord  ampli¬ 
tudes.  First,  it  is  clear  that  the  Thule  amplitudes  are  much  higher  at  the  lowest  frequencies 
(10-30  Hz)  than  the  equivalent  Sondresiromfjord  amplitudes.  Every  test  we  have  carried 
out  on  the  Thule  data  indicates  that  the  noise  at  these  low  frequencies  is  uncontaminated  bv 
man-made  noise  and  that  the  radiometer  is  functioning  correctly  as  it  measure's  the  noise. 
We  cannot  eliminate  the  possibility  of  an  instrumental  effect  or  man-made  noise  at  t  his  time, 
but  it  appears  unlikely.  The  second  difference  is  the  existence  «ff  a  large  hump  in  »he  average, 
rtm.  and  minimum  curves  in  the  frequency  range  Toil  Hz-3.0  kHz.  i.e..  within  the  waveguide 
cutoff  range,  that  is  missing  in  the  Sondresiromfjord  d.i»a.  We  initially  ascribed  this  hump  ’■» 
the  effects  of  magnetosphcric  noise,  or.  more  specifically,  to  the  occurrence  of  poLr  chorus, 
as  was  seen  in  Figure  -1.  However,  further  analysis  showed  that  there  were  many  similar 
occurrences  of  polar  chorus  at  .Sondresiromfjord,  where  the  noise  statistics  display  little  evi¬ 
dence  of  such  a  hump.  Further,  spectrograms  of  the  analog  data  recorded  at  Thule  revealed 
exceptionally  strong  power  line  harmonics  in  the  frequency  range  1-2.5  kHz.  This  latter 
range  is  a  transitional  one  for  our  measurement  system  in  which  the  3%  baudwidihs  of  our 
narrow-band  filters  necessarily  begin  to  include  some  power  line  harmonics,  whereas  at  lower 
frequencies  the  baudwidihs  art*  narrow  enough  for  the  harmonics  to  be  excluded  (see  Table 
1).  We  now  largely  attribute  tint  hump  in  the  Thule  noise  measurements  to  interference  from 
power  line  harmonics. 


Thule  ELF/VLF  Noise  Amplitudes  (June  1986) 


Figure  8.  Variation  of  the  Thule  ELF/VLF  noise  amplitudes  with  frequency  fur 
the  month  of  June  19SC.  Overall  monthly  average  values  for  the  maximum,  rms. 
average,  and  minimum  one-minute  noise  amplitudes  for  each  of  the  10  narrow- 
band  frequency  channels  are  shown. 


Figure  9.  Variation  of  the  Thule  ELF/VLF  noise  amplitudes  with  frequency 
for  the  month  of  December  19SS.  Overall  monthly  average  values  for  tlu*  maxi¬ 
mum,  rms,  average,  and  minimum  one-minute  noise  amplitudes  for  each  of  the 
16  narrow-band  frequency  channels  are  shown. 


Sondrcslrom  ELF/VLF  Noise  Amplitudes  (June  1986) 


Figure  10.  Variation  of  the  Sondrestromfjord  ELF/VLF  noise  amplitudes  with 
frequency  for  the  month  of  June  19SG.  Overall  monthly  average  values  for  the 
maximum,  rms.  average,  and  minimum  one-minute  noise  amplitudes  for  each  of 
the  16  narrow-band  frequency  channels  are  shown. 
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Spmlrcstrom  ELFA'LF  Noise  Amplitudes  (Dec  198(5) 


Figure  11.  Variation  of  the  Sondrcstromfjord  ELF/VLF  noise  amplitudes  with 
frequency  for  the  month  of  December  19SC.  Overall  monthly  average  values  for 
the  maximum,  rms,  average,  and  minimum  one-minute  noise  amplitudes  for  each 
of  the  16  narrow-band  frequency  channels  arc  shown. 
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Figures  12  and  13  provide  dilferent  information  about  the  average  noise  amplitudes  at 
Thule  and  Sondrestromfjord.  In  these  figures  we  plot,  for  each  frequency  channel,  the  max¬ 
imum  one-minute  average  noise  amplitude  measured  during  .June  19<0,  the  overall  average 
one-minute  amplitude,  and  the  minimum  one-minute  average  amplitude.  In  other  words, 
we  only  consider  the  one-minute  average  daU..  The  figures  show  that  there  is  more  of  a 
spread  in  the  average  amplitudes  measured  at  Sondrestromfjord,  but  otherwise  there  is  little 
difference  between  the  three  amplitude  curves  plotted  for  each  location. 


Continuing  with  the  comparison  of  the  amplitude  data,  in  Figures  I  I  and  15  we  pint,  fur 
both  Thule  and  Sondrestromfjord,  and  for  each  of  the  111  frequency  channels,  the  overall 
one-minute  maximum  amplitude,  the  overall  average  amplitude,  ami  the  overall  oue-miimte 
minimum  amplitude  for  December  1986.  The  curve*  give  an  indication  of  the  overall  range 
of  the  amplitude  measurements  at  each  frequency.  Interestingly,  the  spread  is  greater  in  the 
Sondrestromljord  measurements,  primarily  because  the  overall  maxi  mu  ms  are  larger  than 
those  at  Thule.  Sondrestromfjord  aiso  has  a  comparatively  large  dip  in  its  overall  minimum 
amplitudes  in  the  frequency  range  2-8  kHz. 


It  is  interesting  to  intercompnre  some  of  the  1986  Thule  average  amplitude  data  displayed 
in  the  preceding  figures.  We  make  this  comparison  in  Figure  Ifi.  which  shows  the  frequent  \ 
variations  of  the  average  maximum,  overall  average,  and  average  minimum  noise  amplitudes 
for  June  and  December.  Although  there  are  some  deviations  at  certain  frequencies*  in  the 
\  LF  range,  the  plots  in  Figure  16  show  that  the  noise  amplitude  tend  to  be  lower  iu 
December  {northern  hemisphere  winter)  than  in  .June  (summer).  This  result  is  in  accord 
with  measurements  at  lower  latitudes  [e.s/.,  Watt,  1967),  and  it  is  a  consequence  of  the 
comparative  rarity  of  thunderstorms  in  the  northern  hemisphere  during  its  winter  season. 

As  a  anal  illustration  of  the  1986  Thule  aid  Sondrestroiufjord  amplitude  data,  in  Figures 
17  and  18  we  directly  compare  the  frequency  variation  of  the  average  one-minute  noise 
amplitudes  measured  at  the  two  locations  during  the  two  chosen  months  These  data  show 
quite  a  remarkable  correspondence  between  the  noise  amplitudes,  once  allowance  is  made 
(1)  for  the  peak  in  the  Thule  data  iu  the  band  750  IIz-3.0  kHz  due  to  magnetosphcric  noise 
and  (2)  for  the  larger  noise  levels  in  the  range  10-50  Hz  at  Thule.  There  is  a  particularly 
dose  correspondence  between  the  measured  noise  amplitudes  at  the  highest  frequencies. 


Frequency  (II/.) 


Figure  12.  Variation  of  the  Thule  ELF/VLF  one-minute  average  amplitude 
with  frequency  for  the  mouth  of  June  19SG.  The  maximum  average  amplitude 
the  overall  average  amplitude,  and  the  minimum  amplitude  are  plotted  for  one 
of  the  16  narrow-band  frequency  channels. 


Sondrestrom  ELF/VLF  Noise  Amplitudes  (June  1986) 


Frequency  (II/.) 


Figure  13.  Variation  of  the  Sondrcstromfjord  ELF/VLF  one-minute  average 
amplitudes  with  frequency  for  the  mouth  of  June  1980.  The  maximum  aver¬ 
age  amplitude,  the  overall  average  amplitude,  and  the  minimum  amplitude  are 
plotted  for  each  of  the  10  narrow-band  frequency  channels. 
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Thule  Max/Min  Amplitudes  (Dee  1986) 


Figure  1*1.  Variation  of  the  Thule  overall  maximum  and  minimum  one-minute 
amplitudes  with  frequency  for  the  month  of  December  19SG.  The  overall  maxi¬ 
mum  one-minute  amplitude,  the  overall  average  amplitude,  and  the  overall  mini¬ 
mum  one-minute  amplitude  are  plotted  for  each  of  the  16  narrow-band  frequency 
channels. 


Sondrcslrom  Max/Min  Amplitude?;  (Dec  1986) 


Figure  15.  Variation  of  the  Sondrestromfjord  overall  maximum  and  minimum 
one-minute  amplitudes  with  frequency  for  the  month  of  December  1980.  The 
overall  maximum  one-minute  amplitude,  the  overall  average  amplitude,  and  the 
overall  minimum  one-minute  amplitude  are  plotted  for  each  of  the  Hi  narrow-band 
frequency  channels. 


Average  Amplitude  (fT/VlIz) 
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Thule  ELF/VLF  Noise  Amplitudes  (Jun/De-  1  OH) 


Frequency  (Hz) 


Figure  16.  Comparison  of  the  June  ami  December  19£6  variations  of  some  of 
the  Thule  ELF/VLF  noise  amplitudes  shown  in  the  preceding  figures. 
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We  now  make  a  brief  comparison  of  the  Thule  overall  noiie  amplitudes  measured  in  June 
1986  with  those  measured  during  June  198$.  The  1988  noise  data  were  processed  in  exactly 
the  same  way  as  the  1986  data,  with  the  exception  that  it  was  necessary  to  remove  the 
intervals  contaminated  with  ionosonde  noise  in  the  1988  data.  One  other  difference  is  the 
computation  of  a  noise  amplitude  at  41.0  kHz  in  the  1988  data.  This  latter  amplitude  is 
not  as  reliable  as  the  others,  since  there  was  interference  in  the  41.0  kHz  channel  during  the 
month  analyzed,  but  we  believe  it  is  still  a  reasonably  accurate  estimate.  Figure  19  shows 
the  frequency  variations  of  the  two  sets  of  data,  and  it  can  be  seen  that  they  are  very  closely 
similar,  indicating  little  lime  variation  in  the  noise  data.  It  can  also  be  seen  that  the  itoi.se 
amplitude  at  41.0  kHz  is  in  good  agreement  with  the  adjacent  value  for  32.0  kliz. 

We  now  end  this  results  section  with  a  presentation  of  I4  data,  starting  with  Figures  20 
and  21,  showing,  first,  the  overall  average  values  for  the  maximum,  average,  and  minimum 
measured  values  of  V'4  at  Thule  for  June  1986.  The  second  of  this  pair  of  figures  (Figure 
21)  shows  the  same  data  for  Sondrestrtmfjord.  The  effect  of  the  inferred  power  line  har¬ 
monic  noise  in  the  750  Hz-3.0  kHz  band  is  particularly  evident  in  the  Thule  data,  where  all 
values  of  V4  are  greatly  reduced.  However,  it  is  also  interesting  to  see  a  similar  dip  in  the 
Sondrestromfjord  average  minimums.  although  it  is  absent  in  the  average  maximum  ampli¬ 
tudes  and  is  only  very  slightly  evident  in  the  overall  average  amplitudes.  This  latter  result 
may  well  indicate  a  small  contribution  from  magnetospheric  noise  at  Sondresiromljord.  since 
the  generally  well-defined  waveguide  culoir  minimum  in  the  amplitude  data  suggest  t  hat  the 
Sondrestromfjord  data  are  relatively  free  of  power  line  harmonic  interference,  if  we  ignore 
the  influence  of  the  power  line  interference  on  the  Thule  V'j  amplitudes,  it  can  be  seen  that 
there  is  a  gradual  increase  with  frequency,  with  the  values  at  32  kHz  l>eing  roughly  a  factor 
of  10  larger  than  those  at  10  Hz. 

The  next  pair  of  figures.  Figures  22  and  23.  compare  the  Thule  and  Sondrestromfjord 
overall  average  V'/s  for  June  and  December  1986.  The  two  figures  are  very  similar  and  the 
two  curves  in  each  figure  are  also  closely  similar,  except  for  the  distinctive  minimum  in  the 
Thule  values  due  to  the  power  line  harmonics.  At  the  highest  frequencies  the  values  of  Ij / 
are  nearly  identical. 

Finally,  in  Figure  24  we  compare  the  Thule  Vj  (amplitudes  measured  during  June  1986 
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Thule  ELF/VLF  Noise  Amplitudes  (June  1986  and  ltMW) 


Figure  19.  Comparison  of  the  overall  average  noise  amplitmles  measured  ill 
Thule  during  June  19S6  and  two  years  later  during  June  l!)$$.  Included  in  the 
latter  set  of  amplitudes  is  a  measurement  at  41.0  kHz  made  with  the  LF  liiter 
attached  to  the  Thule  radiometer. 


Thule  ELF/VLF  Vd  Amplitudes  (June  1986) 


Frequency  (11%) 


Figure  20.  Variation  of  the  Thule  ELF/VLF  \ amplitudes  with  frequency 
for  the  month  of  June  10SG.  Overall  monthly  average  values  for  the  maximum, 
average,  and  minimum  one-minute  K/’s  are  shown  for  each  of  the  16  narrow-band 
frequency  channels. 
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Thule/Samlrwirpni  V__d  Amplitudes  (Doc  1986) 


Figure  23.  Variations  with  frequency  of  the  overall  average  values  of  Vj  measured 
at  Thule  and  at  Sondrcstromfjord  during  December  19$ 6. 


with  those  measured  during  June  19SS.  There  is  little  diiTcrencc  between  the  two  sets  of  data, 
just  as  there  was  little  difference  between  the  average  amplitudes,  indicating  little  variation 
of  I  j  with  time  over  the  two-year  interval. 


3.  Discussion 


The  data  we  have  presented  give  a  good  picture  of  the  levels  of  ELF/VLF  radio  noise 
at  Thule  during  June  and  December,  19SC.  Further,  the  comparison  of  the  Thule  and 
SendrestroinQord  data  gives  some  indication  of  their  geographical  variation,  or  perhaps  more 
relevantly  here,  their  geomagnetic  variation.  VVe  find  that  the  GLF/VLF  noise  amplitudes 
tend  to  vary  inversely  with  frequency,  in  accord  with  the  results  of  earlier  studies  (c.^„  Fmscr- 
Smith  and  lUllimtl ,  19S5] ,  whereas  the  Vj  noise  statistic  tends  to  increase  with  frequency, 
indicating  that  the  noise  becomes  increasingly  impulsive  at  higher  frequencies.  We  have  also 
identified  an  anomalous  variation  in  the  Thule  noise  statistics  in  the  range  Tot)  11/ ■:).()  kHz. 
which  we  attribute  to  power  line  harmonic  interference. 

Magnetospheric  noise  (or.  more  specifically,  polar  chorus)  in  the  frequency  range  500 -  lot) 0 
Hz  is  clearly  a  factor  in  our  measurements  at  both  Thule  and  Sundrestromfjord,  but  it  does 
not  appear  to  have  a  major  impact  on  the  noise  statistics  we  derive  from  the  measurements. 
However,  there  are  several  reasons  why  further  noise  measurements  are  needed  at  Thule  and 
Sandrestremfjord  before  any  general  conclusion  about  the  influence  of  magnetospheric  noise 
on  the  noise  statistics  is  feasible.  First,  it  is  unclear  how  much  of  the  contribution  from  polar 
chorus  is  masked  at  Thule  by  the  power  line  harmonics.  Second,  our  measurement  intervals 
did  not  include  any  periods  of  auroral  hiss,  the  other  predominant  form  of  magnetospheric 
noise  observed  at  high  latitudes  {e.g..  Jorgensen.  I !)(>(>).  Finally,  studies  of  the  solar-cycle 
variation  of  ELF/VLF  magnetospheric  noise  are  lacking,  presumably  due  to  the  difficulty  of 
making  long-term  measurements  of  radio  noise  at  high  latitudes,  and  thus  our  measurements 
may  well  have  been  made  at  a  stage  of  the  solar  cycle  when  the  occurrence  of  magnetospheric 
noise  at  Thule  and  Sundrestremfjord  was  atypically  low.  Because  the  electromagnetic  sig¬ 
nals  and  the  energetic  charged  particles  with  which  they  interact  in  the  magnetosphere  are 
strongly  influenced  by  solar  activity,  it  is  likely  that  the  magnetospheric  noise  measured  at 
high  latitudes  varies  widely  during  the  solar  cycle.  These  uncertainties  need  to  be  resolved 
by  further  measurements. 

Similarly,  the  apparently  anomalous  high  level  of  noise  at  Thule  in  the  range  10-50  II/ 
needs  further  investigation.  As  we  pointed  out,  the  noise  does  not  appear  to  be  either  man¬ 
made  or  instrumental,  but  we  have  difficulty  explaining  the  large  difference  between  the 
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Thule  and  Sendrestromljord  amplitudes  at  such  low  frequencies. 

The  Thule  data  we  have  compared  for  June  1986  and  June  198$  (Figure  19)  suggest 
that  there  is  little  variation  in  the  noise  statistics  from  year  to  year.  This  is  potentially  an 
important  result,  but,  as  pointed  out  above,  much  further  data  analysis  is  needed  before  the 
time  variation  of  the  noise  statistics  can  be  established  with  certainty.  We  hope  to  investigate 
the  long-term  variation  of  the  statistics  further  as  measurements  with  the  Stanford  University 
radiometer  array  proceed. 
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Appendix:  Thule  Average  Data 
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Figure  Al.  Overall  average  variation  for  the  month  of  June  10SG  of  the  one 
minute  average  magnetic  Held  amplitudes  measured  at  Thule  in  four  narrow  fro 
qucncy  bands  (5%  bandwidth)  centered  on  10,  00.  SSO,  and  l  Jo  II/. 
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Figure  A3.  Overall  average  variation  for  the  month  of  June  11)56  of  the  one 
minute  average  magnetic  field  amplitudes  measured  at  Thule  in  four  narrow  fre 
qucncy  hands  (6%  bandwidth)  centered  on  1.  1.3.  2.  and  3  kHz. 
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Figure  A4.  Overall  average  variation  for  the  mouth  of  .June  11)86  of  the  one- 
minute  average  magnetic  held  amplitudes  measured  at  Thule  in  four  narrow  fre¬ 
quency  hands  (o%  bandwidth)  centered  on  I.  8.  10.2,  and  22  kHz. 
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Figure  A5.  Overall  average  variation  for  the  month  of  June  lOSti  of  the  one- 
minute  rms  magnetic  field  amplitudes  measured  at  Thule  in  four  narrow  frequency 
hands  (')%  bandwidth)  ct  titered  on  IU,  JO.  SO.  and  IJ5  Ha. 
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Figure  A7.  Overall  average  variation  for  the  mouth  of  June  198G  of  the  one- 
minute  rms  magnetic  field  amplitudes  measured  at  Thule  in  four  narrow  frequency 
bands  (5%  bandwidth)  centered  on  1.  1.5.  2,  and  J  kHz. 
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Figure  A8.  Overall  average  variation  for  the  month  of  June  ll)$(>  of  the  one- 
minute  rrna  magnetic  field  amplitudes  measured  at  Thule  in  four  narrow  frequency 
bands  (5%  bandwidth)  centered  on  -I,  S,  10.2,  and  32  kHz. 
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Figure  A9.  Overall  average  variation  for  the  month  of  June  l!)SG  of  the  one- 
minute  maximum  magnetic  field  amplitudes  measured  at  Thule  in  four  narrow 
frequency  bands  (5%  bandwidth)  centered  on  10,  .‘50.  SO,  and  135  Hz. 
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Figure  AlO.  Overall  average  variation  for  the  mouth  of  June  1986  of  the  one- 
minute  maximum  magnetic  field  amplitudes  measured  at  Thule  in  four  narrow 
frequency  bands  (5%  bandwidth)  centered  on  275,  380.  500.  and  750  I lx. 
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Figure  All.  Overall  average  variation  for  the  month  of  June  i'JSG  of  the  one- 
minute  maximum  magnetic  field  amplitudes  measured  at  Thule  in  four  narrow 
frequency  hands  (5%  ban  Ivvidlh)  centered  on  1,  1.5,  2,  and  3  kllz. 
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Figure  A12.  Overall  average  variation  for  the  mouth  of  June  1!)-S(5  of  the  one- 
minute  maximum  magnetic  Held  amplitudes  measured  at  Thule  in  four  narrow 
frequency  bands  (5%  bandwidth)  centered  on  I,  *$,  10.2.  and  32  kHz. 
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Figure  A13.  Overall  average  variation  for  the  month  of  June  l'JS(>  of  the  one- 
minute  minimum  magnetic  fiehl  amplitudes  measured  at  Thule  in  four  narrow 
frequency  bands  [:t%  bandwidth)  centered  on  10.  JO,  80.  and  1  Jo  Hz. 
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Figure  AH.  Overall  average  variation  for  the  month  of  .lime  of  the  one* 
minute  minimum  magnetic  Held  amplitudes  measured  at  Thule  in  four  narrow 
frequency  hands  (o%  bandwidth)  centered  on  275.  USD.  500,  and  750  fisc. 
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Figure  A15.  Overr'l  average  variation  for  the  mouth  of  June  1980  of  the  one- 
minute  minimum  magnetic  Held  amplitudes  measured  at  Thule  in  four  narrow 
frequency  bauds  (5%  bandwidth) 'Centered  on  L.  1.5,  2,  and  3  kHz. 
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Figure  A10.  Overall  average  variation  for  the  month  of  .lone  l!)S(i  of  tin*  one- 
minute  minimum  magnetic  field  amplitudes  mensuml  at  Thule  in  four  narrow 
frequency  hands  (o'X  bandwidth)  centered  on  -I.  s.  it).«.  and  -T2  hi l/. 
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Figure  A17.  Overall  average  variation  for  the  month  of  June  lOSti  of  the  one- 
minute  Vj  statistic  for  the  magnetic  field  amplitudes  measured  at  Thule  in  four 
narrow  frequency  hands  (.">%  bandwidth)  centered  on  lU.  JO.  SO,  and  l  Jo  II/.. 
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Figure  A18.  Overall  average  variation  for  the  month  of  June  !!)$(»  of  the  one- 
minute  Vj  statistic  for  the  magnetic  held  amplitudes  measured  at  Thule  in  lour 
narrow  frequency  bands  (’>%  bandwidth)  centered  on  ‘JTo,  .’ISO,  oOU,  and  7o0  \h. 
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Figure  AID.  Overall  average  variation  for  the  month  of  June  l!)Sti  of  tin*  one- 
minute  Vj  statistic  for  tin*  magnetic  liehl  amplitudes  measured  at  Thule  in  four 
narrow  frequency  hands  (•"»%  bandwidth)  centered  on  1.  l.-l,  2.  and  3  kiln. 
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Figure  A20.  Overall  average  variation  for  the  month  of  June  1986  of  the  one- 
minute  Vj  statistic  for  th  •  magnetic  liehl  amplitudes  men  sure*  I  at  Thule  in  four 
narrow  frequency  hands  [ '»%  bandwidth)  centered  on  -1.  8.  10.2.  and  T2  kHz. 


